Abstract. Real-time detection of a tsunami on instrumental sea-level records is quite an important task for a Tsunami Warning System (TWS), and in case of alert conditions for an ongoing tsunami it is often performed by visual inspection in operational warning centres. In this paper we stress the importance of automatic detection algorithms and apply the TEDA (Tsunami Early Detection Algorithm) to identify tsunami arrivals of the 2011 Tohoku tsunami in a real-time virtual exercise. TEDA is designed to work at station level, that is on sea-level data of a single station, and was calibrated on data from the Adak island, Alaska, USA, tide-gauge station. Using the parameters' configuration devised for the Adak station, the TEDA has been applied to 123 coastal sealevel records from the coasts of the Pacific Ocean, which enabled us to evaluate the efficiency and sensitivity of the algorithm on a wide range of background conditions and of signal-to-noise ratios. The result is that TEDA is able to detect quickly the majority of the tsunami signals and therefore proves to have the potential for being a valid tool in the operational TWS practice.
Introduction
On 11 March 2011, an offshore M = 9.0 seismic event struck the north-east region of Japan and generated a major tsunami that devastated the Japanese coasts and propagated across the Pacific up to transoceanic distances (Chang and Chao, 2011; Mori et al., 2011; Pollitz et al., 2011; Shao et al., 2011) . For the Japanese coasts facing the source, the tsunami soon followed the earthquake and the population had very little time to react to the first warning that was based only on seismic data. However, for more distant places of the Pacific Ocean, after the near-field observations confirmed the formation of a big tsunami, information about the expected tsunami arrival times and about its expected characteristics were very important for tsunami warning.
The worldwide public and scientific awareness of the tsunami hazard and of the importance of implementing appropriate preventive measures to favour resilience of coastal communities after a tsunami disaster has increased, starting from the Sumatra tsunami in 2004. Since then, intergovernmental institutions such as IOC and individual countries facing the sea have started programs to strengthen the existing Tsunami Warning Systems (TWS) or to build new ones, which include expanding and updating sea-level monitoring networks and developing analysis of real-time sea-level data (Synolakis and Bernard, 2006; Satake and Atwater, 2007; Schindelé et al., 2008; Rudloff et al., 2009) . In general, a TWS, either regional (i.e. supranational in the IOC terminology) or national, is structured to acquire and process data and to issue tsunami alerts, whereas emergency procedures after an alert issuance fall under the responsibility of local authorities. Sea-level monitoring networks are a very important module of a TWS because, nowadays, the only way to know whether a tsunami has been generated or not is to verify if tsunami waves leave a measurable signal in ocean (coastal and offshore) sensors. Of course, in addition to the binary information (tsunami: yes or no), sea-level data supply further information, such as wave amplitude and arrival time at the sea-level station, and consequently allow one to understand the level of emergency and to react as needed. Therefore, tsunami detection in sea-level records and retrieval of tsunami data play or should play a key role in any TWS, ) is based on the initial condition by Höchner et al. (2011). which is testified also by past and recent interest and studies (Mcgehee and McKinney, 1997; Mofjeld, 1997; Okal et al., 1999; Henson et al., 2006; ; Shimizu et al., 2006; Farreras et al., 2007; Casey et al., 2008; Omira et al., 2009; Šepić et al., 2009; Falck et al., 2010; Stosius et al., 2010; Beltrami, 2011; Beltrami and Di Risio, 2011; Gurgel et al., 2011) .
The 2011 Japan tsunami is the first major tsunami that occurred after the fast developing phase, still ongoing, of TWSs that started after the 2004 Sumatra tsunami, and for this reason it is the best recorded major tsunami in history. We took therefore this opportunity to apply an algorithm for the automatic detection of tsunamis on sea-level records. To this purpose, we used TEDA, a Tsunami Early Detection Algorithm that was developed by the tsunami research team of the University of Bologna with the goal of detecting tsunamis and high-amplitude long-period waves . TEDA was devised to work real-time on a single station data and can be adapted to the specific background conditions of the station site. The calibration procedure includes the analysis of background signals and of tsunami events, if available, or of simulated tsunami signals. In this work, we applied TEDA without a proper calibration process, since we used the parameter configuration (and also some variants of it) that was found to optimize the TEDA performance for the Adak island tide-gauge station, in Alaska, USA.
Dataset and preliminary data analysis
The records that were processed with TEDA are the majority of the 1-min sampling sea-level data collected by the IOC Computed tsunami travel times (TTT) for the tsunami leading wave, that reaches the farthest stations in more than 23 h. TTT is derived from numerical tsunami simulation and is defined here as the minimum propagation time for which the modulus of the sea surface elevation exceeds 2 cm in deep sea (depth larger than 1000 m). Station circles are colored according to the associated observed TTT, which makes it easier to recognize possible discrepancies between observed and computed TTT.
from coastal, tide-gauge stations around the Pacific Ocean that are made available online at the website http://www. ioc-sealevelmonitoring.org. In total, as many as 123 sea-level signals were analyzed. These come from 97 sites, including 24 sites supplying two records and one site with three records from different types of sensors. Stations are mapped in Fig. 1a , together with the maximum sea surface elevation in the Pacific Ocean resulting from tsunami simulation modelling Höchner et al., 2011 , for the source). From the figure, it may be seen that these stations are all distributed along the coast of the Pacific (Asia, North-, Central-, and South-America) and in the mid-Pacific islands (Oceania) with the exception of Australia and New Zealand mainland. Each tide-gauge recording is denoted with the same code used in the IOC website (which is derived from the GLOSS station name) and, in case of multiplerecord sites, with the additional index of the data channel (e.g. the code adak is used for the already mentioned Adak island station, and codes acaj d1, acaj d2 are used for the two records from Acajutla, El Salvador, station, the former from a pressure gauge and the latter from a radar gauge). The complete list of the records is given in Table 1 , sorted in alphabetical order of the station code (first column), with indication of the sensor type (last column). For further information, one may refer to the IOC site.
The records selected for the analysis form a dataset of tsunami signals that come from sites differing from each other as regards the distance from the source, ranging from near-to far-field stations, and the background characteristics Table 1 . List of the stations selected for the analysis. The station code (first column) is the same used on the IOC website. The type of instrument (last column) is coded as follows in the IOC database: bwl= backup water level gauge, enc = encoder sensor, flt = float gauge, prs= pressure gauge, pwl = primary water level gauge, rad = radar gauge, wls= water level sensor. In stations with a double water level sensor, often one is assumed as the pwl and the other as the bwl. Only stations with 1-min sample rate recordings have been selected from the IOC database. that are knowingly site-and time-dependent. Several records have a duration of many days, but most are shorter and cover only the first part of the tsunami oscillations. Indeed, also one record of a gauge that broke at the arrival of large tsunami waves was included in our data set. For each record we determined by inspection the tsunami arrival time (TAT) and, where possible, the end of the tsunami oscillations. It is important to stress that the estimaton of TAT is not intended to be the exact tsunami arrival time, but rather the time when the tsunami was at first visible in the record. It is worth noting that such estimated values depend on subjective interpretation and may be strongly influenced from the level of the signal-to-noise ratio. Table 1 ).
Using TEDA terminology , these temporal parameters were used to define the Tsunami Interval (TI), that is the part of the signal between the TAT and the end of the tsunami oscillations or the end of the record if the record terminates before the end of the tsunami. We further introduced the Tsunami Detection Interval (TDI), that is defined as a 3-hour long interval starting from the TAT and is used for assessing the performance of the tsunami detection module of TEDA (described in the next section): if the module makes a detection within the TDI, it is considered a success, otherwise it is a failure. However, we will give more importance to detections occurring in the first hour of TDI, since in a TWS perspective the sooner the tsunami is seen, the better it is.
The Tsunami Travel Time (TTT), obtained by subtracting the earthquake origin time from TAT, is shown in Fig. 2 for all stations and listed in Table 2 . It spans an interval slightly exceeding 23 h and is in good agreement with the numerical TTTs (see Fig. 1b ) computed by Tinti et al. (2011) , with a few exceptions. The plot of TTT vs. the distance between the station and the earthquake epicentre (USGS solution), measured along the Clarke earth ellipsoid (equatorial axis a=6378.2064 km, inverse flattening 1/f=294.9786982), shows a surprisingly very good alignment. The fitting straight line of the type y = ax has a slope corresponding to an average tsunami velocity c of 206 m s −1 and to an average ocean depth d of 4330 m (if the relation c 2 = gd is assumed, with g = gravity acceleration). Of course, several stations exhibit anticipated or delayed arrivals by an amount of 30-60 min, which is quite normal since tsunami speed is mainly governed by the bathymetry, which is quite irregular in the ocean. However, there are some stations where arrivals are much more delayed. These are found in the near-field (less than 2000 km) such as Busan (South Korea) and Korsakov (Sakhalin island, Russia), where the delay exceeds 5 h and 2 h respectively, but also in the intermediate field (between 5000-10 000 km), where delays for the stations of Cordova (Alaska, USA), of Cherry Point (Washington, USA) and Nouméa-Numbo (New Caledonia, France; see the original record in Fig. 3a ) exceed 2 h, and in the far field (beyond 10 000 km), where the delay at La Union (El Salvador) is about 2 h. The main reason for such delayed arrivals is to be attributed mostly to local conditions. For instance, La Union is located inside a bay, Nouméa-Numbo is located in New Caledonia's main island facing the Coral Sea, which is protected by a coral reef. Furthermore, Cordova is located inside a fjord in Alaska, and Cherry Point, close to the border between USA and Canada, is protected by Vancouver island. However, in the near-field, the reason for delays is more related to tsunami propagation that, west of Japan, cannot be adequately represented by the straight line fit of Fig. 2 . The tsunami reaches the port of Korsakov, that is located in the The record of Acapulco, Mexico (acap) does not give any interpretation problem since it has no gaps and no saturation. The record of Kahului, Maui island, Hawaii (kahu) presents saturation in the negative level during the first wave oscillation, and later also for positive oscillations. The records of Hanasaki, Japan (hana) and of Crescent City, California (cres), show substantial data gaps that make it difficult to estimate both period and amplitude of the first wave. Ofunato, Japan (ofun), gives an example of a suddenly truncated record, since the tide gauge was broken by the violence of the wave. It also shows some gaps just before the large peak. The first anomaly probably refers to direct seismic effects rather than tsunami. Estimates from incomplete records are considered uncertain.
Aniva bay at the southern end of Sakhalin island (Russia), after travelling around the island of Hokkaido, North Japan; similarly, to arrive at the port of Busan in South Korea, the tsunami has to go around the island of Kyushu, South Japan. It is interesting also to notice that in the record of Ofunato, in Japan (ofun), the first anomalous signal is observed just before the earthquake (TTT = −1 min, see also Fig. 3b ), and is a small amplitude oscillation of difficult interpretation since probably the sample rate (1 sample min −1 ) is too low. Furthermore, in the two Russian stations that are located on the western coast of the Sea of Japan, i.e. Preobrazheniye (preo) and Rudnaya Pristan (rudn), an anomaly is observed in the records quite soon and is probably due to the arrival of a small local tsunami, generated by the far-field effects of the vertical co-seismic deformation that also involved the floor of the Japan Sea. Here the main tsunami arrived later with stronger waves that probably reached the Sea of Japan from the Pacific Ocean passing through the Tsugaru Straits. We characterised the first tsunami wave in the records by evaluating the period P1, the maximum (positive) sea level or wave crest M1, the minimum (negative) sea level or wave trough m1 and the wave range R1, that is defined as R1 = M1- m1. Another useful parameter is the maximum amplitude of the first wave MA1 that is defined as MA1 = max(M1,-m1). Since TEDA handles missing data by filling sea-level data gaps with linear trends as soon as a new datum becomes available, the properties and information drawn about the tsunami signal from the time series refer to the original ones with gaps interpolated. In addition, we stress that all the estimated values of these parameters characterising the tsunami signal are subjected to interpretation and uncertainties. The identification of the TAT and of the first wave was accomplished by visual inspection; first we identified TAT and the wave period P1, and then in the time interval between TAT and TAT + P1, we evaluated M1, m1 and R1 (by removing from sea-level a rough estimation of the tide). In order to account for uncertainties, we used a gross approximation for the estimated sea level values. They were discretised in intervals of 10 cm and were given the mid-value of such intervals: for example, all values from 0 to 9 cm were rounded to 5 cm, those between 10 to 19 were approximated to 15 cm, etc. Estimates of P1, MA1 and R1 may be found in Table 2 . It is further observed that bad-quality data can make it difficult to estimate the above parameters. There are three main factors affecting the integrity of the records and therefore degrading their quality: (1) record truncation due to station breakdown; (2) data gaps that can also affect the beginning of the tsunami signal; (3) record saturation, cutting the positive and negative peaks of the oscillations, and thus compromising amplitude estimates. In addition, evaluations by visual inspection can be hard if signals are weak with respect to the background noise. Figure 3a -3c provide illustrative examples of tide-gauge records where the identification of all or some of the parameters mentioned above is problematic and gives rise to uncertainties. Figure 3a shows two records from the stations of Nouméa-Numbo, French New Caledonia, and of Kholmsk, Russia, where determining TAT and P1 by visual inspection is not easy. Figure 3b gives an example of a truncated record from Ofunato, Japan, of a saturated record from Kahului, Hawaii, and of two records with missing data from Hanasaki, Japan, and Crescent City, California. Further, Fig. 3b also shows a case of a high-quality time series from Acapulco, Mexico, where tsunami oscillations are completely recorded. Figure 3c illustrates how data gaps occurring around the beginning of the tsunami signal may affect the determination of the TAT and of the parameters of the first tsunami wave. This is shown by means of three records from California stations (Arena Cove, South Beach and Fort Point, the latter two from San Francisco). Further, by displaying records from stations in Pacific islands (Kwajalein atoll; Wake island; Kawaihae, Hawaii) we also show in Fig. 3a -3c that the first wave can be disturbed by shorter period oscillations, so that it can exhibit more than one local maximum and local minimum. The plots of the period P1 and of the range R1 of the first tsunami wave vs. the distance of the station from the source are portrayed in Fig. 4 . It seems that there is no specific trend in both graphs with a broad dispersion of periods and magnitudes for similar distances. This deserves some comments. As regards periods, the lack of dependence from the distance is not surprising, since it is expected that it is determined mostly by the source geometry and by the local conditions at the recording site. However, one could argue that theoretically wave dispersion may favour the appearance of long period oscillations at the tsunami front at large distances, thus causing the period of the first wave to increase. Since this is not clear from the graph (Fig. 4 left) , one may take this as an evidence that dispersion was not very important for the Tohoku tsunami even for cross-oceanic propagation. As regards the wave range, a decrease with distance is expected on physical grounds since wave fronts attenuate as the effect of geometrical spreading. The computed sea surface elevation maxima, mapped in Fig. 1a , show that tsunami amplitudes are very large on the Japanese coasts that face the source (and that indeed experienced the disastrous impact) and decay strongly with distance. However, our plot shows that, in spite of this attenuation, the recorded range (which is a sort of peak-to-peak amplitude of the first wave) is quite large even for some coastal stations far from the source. We remark that our dataset includes only one Japanese station from the very near-field, that is Ofunato, where the gauge, as already mentioned, could not record the complete first wave since it broke during the attack of the first crest (Fig. 3b ). Therefore the estimated range R1 = 375 cm (see Table 2 ) is expectedly much lower and not representative of the one of the real wave. The next Japanese stations in the database, Hanasaki (R1 = 365 cm, see also Fig. 3b ) and Omaezaki (R1 = 155 cm), are located some hundreds of km away to the north and to the south, outside of the direct attack of the tsunami. Taking all this into account, and excluding from our considerations near-field stations, i.e. stations located less than 2000 km from the source that are not well covered in our database, we conclude that the graph of R1 suggests that the observed range of the first wave is more influenced by local amplification conditions than by the distance from the source, at least for costal tide-gauges. However, some observed large values of R1 may find interestingly an explanation in the propagation pattern of the tsunami that is characterised by a number of fingers or beams of higher energy determined by ocean bathymetry (see Fig. 1a ). For example, Hilo (R1 = 265 cm), Kahului (R1 = 365 cm), and Kawaihae (R1 = 255 cm), in the Hawaiian islands seem to be located on the path of one of such beams. But there are also counterexamples of nearby stations (e.g. Kaumalapau, R1 = 105 cm), presumably on the trajectory of the same beam, where the range is much lower. In the very far field, large values of R1 (around 250 cm) are found in the Chilean stations of Constitucion and of Talcahuano (see records plotted in Fig. 7 ).
To characterise the tsunami signal also beyond the first wave, we determined the maximum (positive) and minimum (negative) level reached by the tsunami within the 3h-long TDI, respectively denoted as M(TDI) and m(TDI), from which we further derived the maximum tsunami amplitude MA(TDI) = max(M(TDI),-m(TDI)) and the tsunami range R(TDI) = M(TDI)-m(TDI). Also these parameters have been estimated by removing a rough estimation of the tide from sea-level and they can be found in Table 2 for all the stations. Figure 5 presents the distribution of the first wave range R1 and of the tsunami range R(TDI) vs. the tsunami period P1. The ranges are spread over the interval from 0-450 cm and periods over the interval from 16-154 min. For both distributions one finds that the envelopes are curves similar to unimodal distributions, with right tail longer than the left one. The largest ranges (>250 cm) correspond to periods between 30-40 min, while ranges are quite low for periods exceeding 80 min. Exceptions are the two records from Talcahuano (see Fig. 7 ), Chile, where large-amplitude longperiod tsunami waves were observed. As expected, since for any given record R(TDI) ≥ R1 by definition, the envelope on the right plot is higher than the one in the left plot, which also means that oscillations with the highest ranges occur often after the first wave.
The method: how TEDA works
TEDA is a Tsunami Early Detection Algorithm composed by two parallel detection modules devised to detect anomalous sea-level conditions: one, called "tsunami detection module", is designed to detect long-wave trains with impulsive first arrivals (typically tsunamis), while the other, called "secure detection module", is designed to identify high-amplitude long waves, including seiches and also tsunamis, that can be dangerous to people and property. The former module uses a slope-based algorithm, whereas the latter may be considered as amplitude-based, though it is built on signal slope. TEDA is designed to work at station level in real time, i.e. it makes use of functions that are updated at every new sample acquisition.
A detailed description of TEDA can be found in the paper by Bressan and Tinti (2011) , where TEDA was tested and calibrated on several-year records from the US tide-gauge station of Adak Island in Alaska. Here it is enough to summarize its main features. A summary of TEDA functions acronyms and of the tsunami parameters used in this analysis is given in Table 3 . The main TEDA function is the Instantaneous Signal IS(t), which is an estimation of the detided sea-level slope, computed at every time step over a time interval of length T IS that includes the actual time t, i.e. [t − T IS , t]. Detiding is obtained i) first by computing the signal slope over the interval [t − T IS , t], ii) then by computing the tide slope, which is the average of the signal slope over an interval of length T TIDE (T TIDE >> T IS ) defined as [t − T TIDE − T GTIDE , t − T GTIDE ] and iii) eventually by subtracting the tide slope from the signal slope. Notice that the calculation of the tide slope is executed on an interval that ends at the anticipated time t −T GTIDE , where the gap T GTIDE should ensure that the tide evaluation is not contaminated by the anomaly to be detected. In case of missing data, TEDA suspends the update of its functions till a new sea-level datum becomes available. Then the gap is filled by a linear interpolation and the functions are calculated and updated up to the actual time t.
The TEDA "tsunami detection module" is designed for long-period wave trains that travel with a sharp leading front, i.e. for all cases when the arrival of the first wave of the train introduces an instantaneous difference from the previous background situation. It is based on the comparison of IS(t) with the Background Slope BS(t) through the control function CF(t), defined as the ratio between IS(t) and BS(t), i.e. CF(t) = |IS(t)|/BS(t). The function BS(t) is computed by taking into account the values of IS from the time interval I BS = [t − T BS − T G , t − T G ] of length T BS and anticipated by the time gap T G with respect to the actual time t. Likewise in detiding, the gap T G serves to avoid the influence of the anomaly on the function BS(t). TEDA considers three different options to calculate BS(t), but in this work only one was used, namely the one that was found to be the most efficient for the Adak station data and that corresponds to BS(t) = max(|IS(t )|), with t' in I BS (this option is named A3 in Bressan and Tinti's paper, 2011). TEDA triggers a "tsunami detection" if |IS(t)| ≥ λ IS and if CF(t) ≥ λ CF where λ IS and λ CF are two threshold parameters. Considering that the second inequality is equivalent to |IS(t)| ≥ λ CF BS(t), the detection condition can be expressed by |IS(t)| ≥ max(λ IS , λ CF BS(t)). If a detection occurs at time t D , TEDA raises a tsunami state, during which detections are suspended until BS(t) returns below the value it had at the detection time, i.e. until when BS(t) ≤ BS(t D ).
The TEDA "secure detection module" is based on the function M(t), that represents a "detided filtered marigram" and is computed through a partial integration of the function IS over the interval [t − T SD , t] of length T SD . TEDA "secure detection" alerts are triggered when the function |M(t)| passes the threshold λ SD , i.e. if |M(t)| ≥ λ SD , and it lasts for a pre-defined time interval of duration T A after a detection. The alert interval may happen to be longer than T A if other alerts are triggered in the meantime. For both modules, in case that the detection conditions are met during the interpolation of a gap, the detection is attributed to the end of the gap, when the first datum is available.
In order to evaluate the performance of a detection algorithm, an objective evaluation procedure has to be set up, that has to be applied of course off line, that is on records after . 6 . TEDA functions IS(t), BS(t), CF(t) and M(t) and alerts computed for the sea-level record of Naha, Japan. Original record in the top panel. In the graphs of IS(t), CF(t) and M(t) the respective thresholds λ IS , λ CF and λ SD are plotted as horizontal lines (fuchsia). Vertical lines mark the detection times of tsunami detection (red) and of secure detection (green) methods. Horizontal lines mark the respective tsunami state (red) and alert (green) duration. Notice that tsunami state covers all the tsunami signals until it dies out, while the alert interval has several interruptions. In all plots the time is measured from the origin time of the earthquake. the end of the tsunami or, more generally, of the anomalous waves. As regards TEDA, the evaluation procedure is based on the computation of a number of performance indicators . To this purpose, the first stage is to identify the beginning and the end of the tsunami signal in each tide-gauge record, which corresponds to the determination of the tsunami arrival time TAT and of the Tsunami Interval, already defined in Sect. 2. To notice that as many as 98 records (∼ 80 %) terminate before the end of the tsunami, and therefore the TI is necessarily less than it should be, and in particular for the records of Tern, Fr. Frigate (fren d2), of Ofunato, Japan (ofun) and of Sitka, USA (sitk), the records end before the end of the 3-h long TDI. The main TEDA indicator is the Delay Time DT that is the delay of detection with respect to the TAT. In the tsunami detection module a detection is considered a success if it occurs within the TDI, i.e. within the 3-h long time window starting at the TAT. If there is no detection or if it occurs later, then this is a failure for the algorithm. A second performance indicator is the number of false detections NF, that is of detections that may occur outside the identified tsunami interval TI. These indicators do not apply to the secure detection module, that is devised for detection of large-amplitude long-period waves. These can already affect a station in the moment when tsunami arrives and hence secure detection alerts that fall outside the TI, before or after, cannot be considered false detections. What matters in case of a large-amplitude tsunami is that the alert is "on", no matters if it is "on" due to a trigger coming from the tsunami itself or from previous dangerous long-period waves. Therefore, we consider that the tsunami is detected length of the time gap used to avoid the influence of the anomaly to be detected in BS(t). T GTIDE length of the time gap used to avoid the influence of the anomaly for the tide correction of IS(t). T IS length of the time interval used to compute IS(t). T SD length of the time interval used to compute the secure detection function M(t). T TIDE length of the time interval used to compute the tide correction of IS(t). TDI Tsunami Detection Interval: 3-h interval after TAT considered valid for detection. TI Tsunami Interval : interval from TAT to the end of the tsunami oscillations/record. λ IS threshold (together with λ CF ) for the detection condition of the tsunami detection module:
threshold for the detection condition of the secure detection module: M(t) ≥ λ SD . λ CF threshold (together with λ IS ) for the detection condition of the tsunami detection module: by the secure detection module if the detection occurs within the tsunami detection interval TDI and in addition if it occurs before the tsunami arrival, provided, however, that the associated alert state covers part of the TDI. Bearing this in mind, it is convenient to introduce a Delay Time DT even for the secure detection module. It was taken to be comprised between 0 and 3 h, i.e. to be less than the assumed TDI, to favor comparison between the performance of the two TEDA modules. To this purpose, when the detection occurred before TAT, implying a negative DT, the DT was forced to be zero.
The results of TEDA analysis
In this work, TEDA was run on 123 records of the 2011 Tohoku tsunami collected in coastal Pacific stations, and the results will be given and evaluated in the next subsections. TEDA was applied by using the best parameter configuration that was found suitable for the Adak Island, USA, station , i.e. with the following parameters T IS = 12 min, T BS = 60 min, T G = 16 min, T SD = 8 min, T A = 60 min, and thresholds λ IS = 1.0 cm/min, λ CF = 2.05, λ SD = 20 cm, that will be collectively referred to as parameters configuration C4. We have also carried out a sensitivity analysis by varying the thresholds for the tsunami detection conditions λ IS and λ CF , according to the values given in Table 4 , for a total of 7 configurations of parameters. The results of the analysis carried out with TEDA are illustrated in this section by first making an account of the outcomes of the secure detection method (4.1) and then of the tsunami detection method (4.2) applied with configuration C4. Results of tsunami detection using the other configurations are also commented in Sect. 4.4. In Fig. 6 we give an example of the TEDA functions and alerts that result from applying TEDA to the record of Naha, Okinawa, Japan and in Fig. 7 we show the results of TEDA detections on a number of interesting records, on which we will make observations later in this section. We only stress now that for the stations of Acajutla, El Salvador, Constitucion and Talcahuano, Chile, two records are plotted in the graph. The record pairs of the same station are very similar to each other and are distinguishable, though hardly, only for Constitucion (const) in the scale of the figure. Interestingly, detection results are different. This will be discussed in the last Sect. 4.5 where our focus will be concentrated on the TEDA detections for the stations with records coming from more than one sensor (see Table 1 ). The horizontal lines in the figure mark the time interval where the alert is on for the tsunami detection module (green) and for the secure detection module (orange). Here it is only worth observing that the tsunami was seen within the first hour i) by the tsunami detection method in all records with the exception of channel 2 of Acajutla and of Constitucion (first two plots from the top), missed, and ii) by the secure detection method in all records but the one from Avatiu Rarotonga, Cook Islands (raro2), missed, and the channel 2 of Acajutla, detected after 1 h. Special consideration deserves the two records from Constitucion. In channel 1 the tsunami state (green horizontal line) is "on" well before the tsunami arrival and covers all the tsunami record including the whole tsunami detection interval TDI. This however has to be considered a false tsunami alarm for the tsunami detection module since detection does not occur inside the TI, and the case is a failure. It can be observed that even the secure detection module starts the alert before the TAT (for both channels), and continues the alert state up to covering the TDI, but in this case the performance is a success.
Detections made by using the TEDA secure detection method
The TEDA secure detection module manages to detect 99 tsunamis out of the 123 tide-gauge records in the 3-h long TDI interval, while the number reduces to 87 if we consider only detections within the first hour. The function M(t), which is computed and compared in absolute value to the threshold λ SD = 20 cm to search for a detection, has the dimension of a length since it is obtained by integrating the detided Instantaneous Signal IS over a time interval of finite length T SD = 8 min. It represents therefore the sea-level excursion during such an interval of time. To help understand better the meaning of M(t), it can be observed that if we assume a sinusoidal tsunami with period T and amplitude A and assume further that the instantaneous slope coincides with the analytical slope (i.e. T IS 1min), then it is straightforward to show that M(t) = A[cos 2π(t + T SD ) − cos 2π t] and that max(|M(t)|) = 2A sin(π T SD /T ). From this we deduce for instance that i) if the period T equals 2T SD the peak of the function |M(t)| equals the tsunami peak-to-peak height 2A; ii) if the tsunami has period equaling 4T SD , then the maximum of |M(t)| equals √ 2A and if T = 6T SD , then the maximum of |M(t)| equals the tsunami amplitude A; iii) for longer-period tsunamis the |M(t)| peak value is less than the tsunami amplitude .
All TEDA secure detection results are listed in Table 2 . As a rule of thumb, one could expect that tsunamis with amplitude close or below the threshold λ SD are typically missed and viceversa; tsunamis with amplitude much larger than the threshold are ordinarily detected and exceptionally missed. Indeed, of the 21 cases of tsunamis with MA(TDI)< λ SD = 20 cm, as many as 20 are missed and only 1 is detected. This occurs accidentally for the record of La Paz, Mexico, with MA(TDI) = 15 cm, for which the function |M(t)| just passes the threshold. However, this is a late detection and none of them were detected within the first hour of TDI. On the other hand, of the 102 cases with MA(TDI)≥ λ SD = 20 cm, as many as 98 were detected: 87 within the first hour of TDI and 11 later.
The missed and the late detections are worth considering more closely. The missed records of the Johnston atoll, USA (john d1), of Cabo San Lucas, Mexico (cabo), and of Yakutat, Alaska (yaku) have MA(TDI)= 25 cm and their respective functions |M(t)| get very close to although they do do not surpass the threshold. They present different tsunami characteristics, from long period first wave (as Yakutat, P1 = 59 min) to very short (12-13 min for Cabo San Lucas), and different amplitudes. One can observe that of the 12 records with MA(TDI)=25 cm, only these three do not trigger a detection, while the other five i.e. the two records of Acajutla, El Salvador, and the records of Ishigakijima, Japan and of Raoul Island (Boat Cove), New Zealand and the record of Sitka, USA (sitk)) present late detections. It is more interesting to understand why the tsunami in the record of Avatiu Rarotonga, Cook Islands (raro2) passed undetected though MA(TDI) = 45 cm and is well beyond the threshold. The explanation lies in the predominant period of the highest amplitude oscillations in this record (see plot in Fig. 7 ) that is quite short, about 6 min, and therefore these oscillations are filtered out in computing the function M(t). Taking into account the late detections, it appers that the remaining late detected records, i.e. of Chatham Island (chit), of Raoul Island (Boat Cove, rbct), New Zealand, the second record of Juan Fernandez, Chile (juan d2), the records of Pago Pago, Samoa (pago and pagx) and of San Felix, Chile (sanf) are characterized by larger R(TDI), but are mostly detected late because the tsunami is characterized by low amplitude waves at the beginning of the signal. It is indeed important to stress Stations are: acaj = Acajutla, El Salvador; const = Constitucion, Chile (const d1, black; const d2, blue); talc = Talcahuano, Chile; east = Easter Island, Chile; adak = Adak, Alaska; midx = Midway Islands, Hawaii; davo = Davao, Philippines; solo = Honiara, Solomon islands; raro2 = Avatiu Rarotonga, Cook Islands. Notice that Acajutla and Talchuano have two records by different sensors (Table 1) and that they do overlap perfectly in this graph. Horizontal lines mark the tsunami state from the tsunami detection method (green), and the alert interval from the secure detection analysis (orange). For the three stations with two records, there are two pairs of horizontal lines: the upper pair for channel 1 and the lower pair for channel 2. Vertical red lines mark the beginning and end of the 3h-long TDI. On the vertical axis, ticks are at 1 m distance.
that the secure detections might occur only when the tsunami signal reaches a certain wave amplitude, which might happen quite late in the case of tsunamis that arrive with slowly increasing waves. In general, one can expect that the larger the tsunami amplitude, the shorter the time for detection is. This latter observation is confirmed by Fig. 8 where the delay times of all 99 detected cases are plotted against the maximum amplitude of the first tsunami wave and of the maximum amplitude occurring within the TDI. Distributions of both graphs are quite similar and show that DT is inversely correlated to the maximum signal amplitude: expectedly, the larger is the amplitude, the shorter is the delay time, DT. It is seen that, although data spread is relevant, the envelope is well represented by a curve of the type y = ax −b , showing an inverse correlation between the delay time and the maximum amplitude of the tsunami oscillations (see Fig. 8 ). From the figure, it is also possible to see that all the tsunamis detected later than 1 h were not detected in the first but in the following waves. They present very low first wave range (MA1≤ 15 cm, with the exception of Chatham Island, New Zealand, with MA1 = 45 cm and P1 = 64 min) and their amplitude grows further within TDI. It is also interesting to discuss the case of the two records of Constitucion, const d1 and const d2. The records are displayed in Fig. 7 and it is clear that the tsunami was a long train of very high-amplitude long-period waves. From Table 2 we get that MA(TDI)>150 cm. The records are very noisy with a long series of long-period oscillations in the background with amplitude in the range of 50-100 cm that triggered the secure detection alerts several times before the tsunami arrival. In this case, the algorithm works since it recognizes the presence of high-amplitude waves. Since the last alert before the TAT remains "on" even after the arrival of the tsunami. For these cases the delay time was considered equal to zero.
Detections made by using the TEDA tsunami detection method
The results of the TEDA tsunami detection method by using the parameter setting C4 of Table 4 are described in this section. There are 95 (77 %) records over 123 where tsunami is detected, while in 28 (23 %) cases it is missed. Only two records are detected with DT ≥60 min, i.e. the first record of San Antonio, Chile (sano d1), with DT=60 min, and the second record of Juan Fernandez, Chile (juan d2), with DT=73 min. detection case, it is seen that DTs are inversely correlated with the size of the tsunami oscillations, whatever the parameter used to quantify the size. Envelopes of the type y = ax −b can be estimated also for such graphs. All DT determinations may be found in Table 2 . It is relevant to observe that the largest DT is 73 min, much less than the largest values found for the secure detection cases exceeding 130 min. Detections occur mostly on the first wave (blue in the graphs of Fig. 9 ) and there are only 6 detection cases (pink) where detections occur on the following waves. Looking at Table 2 where DTs and missed detections are displayed together with the observed tsunami size, one sees that in general, missed detections are found on the low-magnitude tsunami side, but there are also cases of missed tsunamis even when the size is quite large. We discuss first the possible reasons for the 19 missed detections for the records of low range tsunami, i.e. with R(TDI)≤ 35 cm. The 4 tsunami records with R(TDI) = 5 cm could not be detected since the signal was too small. We recall that the tsunami detection method is strictly based on signal slope estimates that are computed over intervals of duration T IS = 12 min. A rough estimate of the function IS(t) can be made by considering a sinusoidal tsunami of the type A sin ωt. In this case one finds that IS(t)= A(sin ωt − sin ω(t − T IS ))/T IS and that |IS(t)| can be maximized by 2A/T IS , i.e. by the ratio of the tsunami range 2A and the length T IS of the computation interval for the instantaneous slope IS. If such a ratio happens to be lower than the selected threshold λ IS , then the tsunami cannot be detected. This inequality contains the tsunami double amplitude 2A. By using instead the tsunami range R(TDI) as a proxy of 2A, and by applying this reasoning to our cases, we see that R(TDI)/T IS = 5/12 cm min −1 < λ IS = 1 cm min −1 , and that even taking into account the ±5 cm uncertainty in range determination, one gets at most 10/12 cm min −1 < λ IS = 1 cm min −1 . Another obvious way to maximize |IS(t)| for a sinusoidal tsunami is Aω = 2Aπ/T where T is the wave period, which will be approximated in our case with πR(TDI)/P1. Hence, by taking into account both the above maximizations, one gets the inequality |IS(t)| ≤ 2A min(1/T IS , π/T ), i.e |IS(t)| ≤ I S max = R(TDI) min(1/T IS , π/P1), where I S max has been defined implicitly. This means that for long-period waves (more specifically T > πT IS ) the maximum slope is more influenced by the wave period T rather than by the length of the computation interval T IS . These considerations can help us when we take into account tsunami records with larger ranges. The records with R(TDI)≥ 15 cm, in view only of the first inequality, could possibly be detected because 15/12 cm/min > λ IS . However, it is found that only two records of those with R(TDI) = 15 cm and R(TDI) = 25 cm give rise to a detection. The records are the ones from Astoria, Oregon (asto), with R(TDI) = 15 cm, and the second channel of Johnston Atoll (john d2), with R(TDI) = 25 cm. In the case of Astoria, the tsunami period P1=27 min, and hence I S max = 15 min(1/12, π/27) = 1.25 cm min −1 , gives rise to a detection on the first wave with DT = 15 min. The record of Johnston Atoll starts with an impulsive wave, and in the group of records with R(TDI) = 25 cm is the one with the highest oscillations and the shortest period, i.e. P1 = 39 min. A reason for the missed detection can be explained on the basis of the second inequality, as in the case of the records of Cherry Point, Washington, and Nouméa-Numbo, French New Caledonia, with R(TDI) = 15 cm, where the very long period of the tsunami, (P1 = 74 and 154 min), gives πR(TDI)/P1 cm min −1 < λ IS . A further possible explanation for the missed tsunamis can be searched for in the fact that we used R(TDI) in the above inequalities to approximate the tsunami double amplitude 2A or, better said, the peak-to-peak height H resulting from consecutive oscillation extremes. These quantities are perfectly equal in a sinusoidal tsunami, but they can be quite different for very more complicated waveforms where the range can result from not consecutive peaks and is expected to be larger than H. This is the case for the Kanton island, Kiribati Republic, with a very low signal so that IS(TDI)< λ IS . In a similar way, for the case of Preobrazheniye, Russia, IS(TDI)< λ IS because the signal is of low amplitude and quite noisy, so that the function IS acts as a filter for short period oscillations and never fulfills the first detection condition. Another more convincing explanation is that tsunami detection trigger is formed by two conditions, one based on the threshold λ IS discussed so far, and one based on the threshold λ CF , i.e. |IS(t)| ≥ λ CF BS(t). If the first appearance of tsunami is low-amplitude and therefore too small to trigger a detection, then the initial tsunami wave might be incorporated in the background signal, that is then increased and makes it harder to recognize the tsunami even in the subsequent oscillations. A similar explanation is valid for the records of Seward, Alaska, and of Petropavlovsk, Russia, where the long period of 62 and 47 min causes the first peak to be included in the BS function before the IS function could trigger a detection. All other records (namely Busan, Korea; Elfin Cove, Alaska; Kodiak island, Alaska; Korsakov, Russia; Malakal, Palau Islands and Prince Rupert, Canada) are characterized by very long periods and by a tsunami signal starting with low amplitudes, and are therefore missed. Of the 6 tsunami records with R(TDI) = 35 cm, half of them produce a detection. The missed record of Rudnaya Pristan is characterized by short-period (∼ 6 min) waves which are too short to allow the function IS(t) to pass the threshold λ IS . Instead, the first wave of the record of La Paz is too low to make IS(t)> λ IS and the following slowly increasing waves do not allow the detection since the function BS(t) starts increasing together with the incoming tsunami.The same happens to the missed record of Yap Island, Micronesia, where the first maximum failed to force IS(t) to exceed the threshold λ IS , and, hence, the first tsunami wave was incorporated in the background signal BS(t) making it too large. In general, the reason for a missed detection could be a combined effect of all the above explanations: the tsunami signal is not impulsive and low-amplitude.
By considering the tsunami signal characteristics MA1, R1, MA(TDI), and R(TDI), it seems in general that the tsunami detection method is not able to detect tsunamis with MA(TDI)≤ 15 cm, or with MA1≤ 15 cm, or with R1≤ 15 cm or with R(TDI)≤ 25 cm, while it detects some of the tsunami with R(TDI)≤ 35 cm. In addition, it seems that TEDA tsunami detection efficiency is more affected by the first wave characteristics, i.e. by R1 and MA1, than by MA(TDI) or R(TDI), as it can be seen in Fig. 9 . It can be noted that of the 19 cases of missed tsunamis mentioned so far, as many as 18 are equally missed by the secure detection method since they all are low amplitude with MA(TDI)≤ 15 cm. The secure detection only detects the tsunami recorded in La Paz, Mexico, though with a large delay time (136 min) that happens to be the maximum DT occurring in our analysis (see Table 2 ).
There are however 9 records with missed detection that present large oscillations, with R(TDI)≥ 45 cm. These are the two channels of Constitucion, Chile (const d1, const d2), the first channel of French Frigate, Tern Island, Hawaii (fren d1), the first channel of Manzanillo, Mexico (manz d1), the first channel of Nuku Hiva, Marquesas Islands (nuku d1), the second channel of Acajutla, El Salvador (acaj d2), San Felix, Chile (sanf), the first channel of Antofogasta, Chile (anto d1), and the first channel of Arica, Chile (aric d1). It is worth analyzing the reason for these missed detections. These records can be divided into two categories: records where there was an anticipated detection, i.e. a detection before the arrival of the tsunami (false alert) with a tsunami state covering also the tsunami interval, and records where no detection was really done. To the first category belong the first record of Constitucion (plotted in Fig. 7) , and also the records fren d1, manz d1 and nuku d1: for all of these records the detection conditions are accidentally met before the tsunami arrival due to intense sea agitation and the tsunami state remains "on" for the whole duration of the tsunami signal till the function BS(t) goes back to its values at the detection time. We recall that during the tsunami state (i.e. as long as the alert is "on") the algorithm suspends checking detection conditions. However, a posteriori analysis shows that detection conditions occur for all these cases within the TDI. This consideration shows that for this category of cases, a different setting of the TEDA parameters (for instance, increasing the threshold λ IS ) could probably avoid the false detection masking the tsunami and could therefore favour a real detection to occur within the TDI. All the remnant 5 cases belong to the second category and they prove that high-amplitude long-period waves can pass undetected to the tsunami detection method of TEDA. The main reason, except for the second record of Constitucion (const d2), is that the first arrival is not impulsive. Going more into details, we observe that the cases of acaj d2 and sanf are lownoise records where the tsunami starts as a long wave of low amplitude. The records of anto d1 and aric d1 are characterized by a noisy background and by slowly increasing waves. Once the first tsunami wave is missed, it is quite unlikely that the tsunami can be detected by the tsunami detection algorithm since the tsunami signal enters in the background and hence the condition |IS(t)| ≥ λ CF BS(t) is hard to fulfill. The record of const d2 instead is quite noisy and is characterized by background waves quite similar to (but smaller than) tsunami waves that make the background increase and mask the tsunami arrival. It is worth pointing out that all these 9 cases of no-detection are indeed detected by the secure detection method, that must be seen as a complementary tool to the tsunami detection method. The corresponding delay times (see Table 2 ) are in increasing order: DT=0 min for const d1 and const d2; DT = 7 min for manz d1 and nuku d1; DT = 24 min for fren d1; DT=35 min for anto d1; DT = 43 min for aric d1; DT = 62 min for acaj d2 and DT = 97 min for sanf. It is interesting to notice that most of these records happen to come from sites with multiple sensors and that in the other records (i.e. fren d2, manz d2, nuku d2 and nuku d3, acaj d1, anto d2 and aric d2) the tsunami was detected, but this will be discussed later in Sect. 4.5.
For the tsunami detection method, a very important performance indicator is the number of false detections. False tsunami detections undermine the usefulness and the efficiency of the detection algorithm and one of the main goals of the TEDA calibration process is to find the optimal parameters' configuration that minimizes (or eliminates) the occurrence of false detections . For this work we did not carried out any calibration on TEDA parameters, but we simply used the configuration C4 that was obtained by optimizing the performance for the Adak island, Alaska, station. The number of false detections, that is of detections occurring outside the tsunami interval TI, is reported in Table 2 . In the dataset considered, only 15 records present false detections and most of them only 1. The fact however that false detections occur in records that are at most only a few days long is a sign that the TEDA setting used here is not adequate for those sites. We observe that if only results where no false detection occurs were considered acceptable, then the number of cases of tsunami detections (with no false detection) would diminish from 95 down to 87 with the present tsunami detection method (see Table 2 ). Some records give rise to false detections in the presence of normal background waves, and probably increasing the thresholds λ IS and λ CF could be sufficient to eliminate false detections and at the same time keeping unchanged (or increasing) the number of tsunami detections. In some other records (namely Nuku Aloga, Tonga Islands; La Paz, Mexico; the first channel of San Antonio, Chile; and the second channel of Quepos, Costa Rica), false detections are triggered by signals of difficult interpretation, of unclear origin or maybe due to erroneous data. Also in these cases, we believe that it could be sufficient to increase the thresholds λ IS and λ CF to avoid false alerts.
Comparison between the two TEDA detection methods
The results of the application of the secure detection method and of the tsunami detection method were illustrated in the previous subsections and some inter-comparison was already done. The first consideration regards the number of missed and detected cases. The cases missed by both methods are 18 and all were cases of small amplitude tsunamis. All the others, that are 105, were detected either by both methods (89), or only by the secure detection method (10), or only by the tsunami detection method (6). In general, large tsunamis are detected by both methods, since they arrive as an impulsive wave quite different from the previous background. When they arrive with a low-amplitude front as a series of increasing amplitude waves, they are undetected by the tsunami detection method, but captured by the secure detection method. Even small tsunamis can be detected sometimes: if the background is very low, the tsunami detection method is able to capture them. Let us consider the delay times DTs. From Table 2 and from the few examples given in Fig. 7 we observe that the tsunami detection method identifies a tsunami before, and in many cases substantially before, the secure detection method, with a few exceptions. If we restrict our attention to the tsunami detection method, we see that most detections occur within the first 20 min of the TDI, with the number of detections tending to decrease with DT, and that the maximum DT was 73 min for the first channel of San Antonio, Chile (sano d1). This means that there is a higher probability of detection at the very beginning of the tsunami signal, as expected from the algorithm design. A very positive result is that most detections occur at the very first wave, i.e. DT<P1, and within the first TDI hour.
The analysis of the application of the two methods shows that their performance is almost equivalent, although the secure detection method is slightly better with 99 vs. 95 (or 87 if only cases with no false detection are accepted). By considering the first hour detections, the tsunami detection method becomes more effective or equivalent, by detecting 93 (or 86 if only cases with no false detection are accepted) records vs. 87 with DT < 60 min. But what is most relevant is that the joint application of the two TEDA methods results in a very efficient detection system. Combining the two methods means that a detection occurs if at least one of them makes a detection. When only one detects, the detecting method provides the delay time, while when both detect, the delay time will be the minimum of the two delay times. With this in mind, one sees easily from Table 2 that the tsunami is detected in as many as 105 records, of which 101 with DT< 60 min, and detection is of very good quality, since for most records the delay time of the combined application is very low (less than 20 min). 
Statistics of tsunami detection by varying the TEDA parameters configurations
All the previous analysis on the 123 records of the database was conducted by using TEDA in the configuration C4 already mentioned before. We conducted a sensitivity test, limited to the tsunami detection module, by slightly changing only the thresholds λ IS and λ CF according to the scheme of Table 4 . The performance of the various configurations was evaluated by means of the number of failures and detections in two cases: by considering TDI as previously defined as a 3-h long interval, and by reducing the length of TDI to the first hour after TAT. In Fig. 10a and 10b , results are shown with the aid of pie charts concerning the number of detections and non-detections as well as of false alerts. Following the way we used to analyze the results obtained by applying the configuration C4, the records can be divided in four categories: (S + T) records with detections by both methods (secure detection and tsunami detection), records with detection by only one method (the one (S) or the other (T)) and records where both methods fail (m). Although the sensitivity analysis does not regard the secure detection method, the frequencies in all the above categories may change from one configuration to the other since they are influenced by the results of the tsunami detection method. What cannot change in all pie charts is the total number of detections of the secure detection methods (99 for 3-h long TDI and 87 for 1-h TDI) equal to the sum of the records in categories (S+T) and (S), or equivalently the number of its failures (respectively 24 and 36), that is the sum of the records in categories (T) and (m). Looking at the pie charts, it seems that increasing the threshold λ CF from 2.05 to 2.25 has little effect, while reducing it to 1.85 produces more changes. More substantial changes are found however when the threshold λ IS is varied.
In particular it is seen that the category of the tsunamis detected by both methods is rather stable since its frequency ranges from 88 to 91 (and from 77 to 79 for 1-h long TDI), while the number of tsunamis that none of the methods sees changes from 10 to 20 (and from 11 to 25) and, as expected, it goes along with the thresholds, i.e. it increases when both the thresholds are increased. On the other hand, decreasing the thresholds has the undesired effect of increasing the number of false alerts (represented in black in the inner part of the pie charts). It is worth observing that among the small tsunamis with R(TDI)≤ 35 cm, the ones with R(TDI) = 5 cm are missed by all configurations and only in very few of them the tsunami is always detected (and with DT <60 min): these are the records of Astoria, Oregon, with R(TDI) = 15 cm, and the records of Ishigakijima, Japan, of Sitka, in Alaska, and of Johnston Atoll (channel 1), USA, all with R(TDI) = 35 cm. The effect of changing the TEDA configurations for the 3-h long TDI can also be analyzed by means of Fig. 11 where a pie chart also including the indicator DT of the tsunami detection method is portrayed. Summarizing, the records can be partitioned into four groups. The first is the group of 15 records with no detection made by any of the 7 configurations. Then, there are 89 records where the tsunami was always detected. From these we extract the second group consisting of the 17 records where detections were triggered at exactly the same time DT, and the third group formed by the remaining 72 records where the detection time DTs were different from configuration to configuration. The fourth group is comprised of 19 records where, interestingly, changing configuration can transform a detection into a non-detection.
In the inner part of the pie chart information on the number of false alerts is displayed for each of the above groups. Let us first denote the number of false alerts found for the configuration C i by NF i and let us further denote the maximum and the minimum value of NF i by NF M and NF m respectively. Bearing this in mind, we can distinguish four categories: the one containing records with no false alerts (NF M = 0, white in the graph); the one with records where all configurations see exactly the same number of false detections (NF M = NF m > 0, black in the pie chart); the one with records where all configurations see at least one false detection, but some configurations see more false detections than others (NF M = NF m > 0, grey in the figure) ; and eventually the one including those records where some configurations see false detections and some others do not (NF M = NF m = 0, light grey). It can be seen that for all the four groups, the frequency of these categories have the same rank, the most numerous being the one with no false detections (white), and the least numerous the one with all configurations having the same number of false detections (black).
For deeper insight into the results of the sensitivity test, it is further worth considering the statistics of DT shown in Fig. 12 . In the three panels of Fig. 12 , one sees the frequency distributions of DT for the various configurations, with the reference configuration C4 displayed in all graphs for comparison. Each graph includes also the frequency of the missed detections denoted as ND (standing for no-detections). It may be observed that most tsunamis are detected in the first 10 min and that only few cases are detected after 20 min. In general, it emerges that detection results seem more sensitive to varying the threshold λ IS than the threshold λ CF . Most importantly, it also results that changing configuration from the reference configuration C4 does not improve the performance of the tsunami detections method, since the number of missed detections may be reduced but at the expense of introducing more false alerts and vice versa. The configuration C4 can be considered satisfactorily good, but the best strategy does not seem to be the search for the best universal configuration holding for all sites of the database, but rather to adapt the TEDA operational configuration to the characteristic features of each site by a proper calibration procedure.
Sites with multiple records
In our database there are 24 sites with 2 records, and 1 with 3 records, corresponding to different sensors, usually one pressure gauge and one radar gauge. For some of the locations, the respective records look very alike, while some other records are somewhat different, especially in the background noise level. For every couple of records, the cross-correlation coefficient was calculated over the whole record and it is reported in Table 5 , together with the time shift for which it was found to be maximum. All sites have coefficients larger than 0.9, and in several cases even larger than 0.99, with the only exception of the station of Table 5 . Detections for stations with multiple records. For each station pair, we report the type of instruments installed; the time shift t s of the first series with respect to the second of the pair corresponding to the maximum cross-correlation coefficient r as well as the maximum cross-correlation coefficient itself. Moreover, for every configuration, results of detections are given with a couple of letters, one for each record. When not explicitly given, the first letter refers to channel 1 and the second to channel 2. The letter D is used to mean "detection" and the letter m to mean "missed detection". Notice that stations are sorted by decreasing values of the correlation coefficient. Out of the total of 175 combinations resulting from 25 pairs of channels analysed with 7 configurations, detection discrepancies occur in 46 cases, which is about 26 %. Constitucion, Chile (plotted in Fig. 7 ), for which it is about 0.8. However, by looking at the Table 2 , one may see that in many of these sites the tsunami exhibits different amplitudes in the different records. It is also interesting to remark that for most pairs of records, the relative time shift is confined to at most one minute (corresponding to a unit position at the given sample rate). However, for the records of the Johnston Atoll, USA, the shift of 6 min seems to be too large and rather anomalous.
Instrument
The results of the tsunami detection method applied with all configurations are also shown in Table 5 , where a detection is marked by the letter D and a missed detection by the letter m. That different configurations provide different results when applied to the same record is expected and was already commented in the previous subsection. The attention here is focused on the result of a configuration applied to the records of the same station. Usually, one treats these records as being equivalent, since the main reason to install more than one recording instrument in the same site is to have backup signals that can be used and processed in case the reference system has a malfunction. What is found (see Table 5 ) is that in most cases, there is consistency with detection (DD) or missed detection (mm) in both records of the analyzed pair, but there are also several examples of inconsistent results (about one fourth of the total), even for records with very high cross-correlation coefficients, although the higher the record correlation, the more the results are consistent. Moreover, for three stations, that is Arica, Chile, Manzanillo, Mexico and French Frigate, Tern Island, Hawaii, all the configurations provide a detection in one record and a non-detection in the other. The reason that even pairs of strongly correlated records can lead to different results for TEDA is due to the fact that the cross-correlation coefficient measures the average similarity of the records over the time scale of the record length, while TEDA makes computations over much shorter time scales that are determined by the temporal parameters. The most important one in calculating the functions IS(t) and BS(t) is the parameter T IS (12 min for all configurations) that serves for computing the average slope of the detided signal. So in principle, an inconsistency can occur when two records that are identical for most of the time (which ensures high correlation) differ significantly in a short time window within which the alert conditions are met in one of the two and not in the other. What happens in reality in the cases we examined is that the function |IS(t)| that is checked for the detection (occurring when |IS(t)| ≥ max(λ IS , λ CF BS(t))) gets close to the alert level for both records of the pair, but it surpasses the threshold only for one record of the couple at some instant. In these cases of inconsistencies, one could suggest accepting the detection and to reject the non-detection, for a principle of precaution. In other words, when in a station there are multiple records, it can be assumed that a tsunami is detected at the station if it is detected in at least one of the records, and in case of multiple detections, the delay time of station detection is the minimum of the observed delay times. 
Conclusions
In this work TEDA was tested on 123 tsunami records of the 11 March 2011 Tohoku tsunami taken from the Pacific region, with the configuration of the parameters (including temporal parameters and thresholds) that resulted in the optimal configuration for the station of Adak Island, Alaska and that is called configuration C4 in this paper. The dataset was formed by selecting sea-level records (with one sample per minute) from the IOC repository of sea level monitoring data available at the website http: //www.ioc-sealevelmonitoring.org from stations that cover a large spectrum of distances from the source and a wide range of tsunami amplitudes, from very weak to very strong wave oscillations.
All records were first analysed by visual inspection to get basic data on the tsunami arrival time, the period of the first wave, the total duration of the tsunami, and on the maximum amplitude and ranges of the oscillations, etc. One interesting finding was that tsunami travel times can be surprisingly well approximated by considering a wave propagating at a constant speed of about 206 m s −1 , and deviations from this crude approximation are usually small (less than 1 h) apart from few exceptions. The period of the tsunami first wave was found to differ very much from site to site and to be generally confined between 20 and 80 min, but values even exceeding 100 min were observed. However, no clear dependence was seen from the distance, as expected. What is unexpected is that interestingly, there is no clear dependence on the distance also for the tsunami range (a sort of a peak-to peak height) that appears to be strongly dominated by local response for distances larger than 2000 km. And so we found large amplitude oscillations (R1 exceeding 2 m) even at stations farther than 5000 km (see Hilo, Kahului and Kawaihae in Hawaii) or 15 000 km (Constitucion, Chile).
The application of TEDA (with the reference setting of configuration C4) to the records proved that it performed quite well. It has been seen that the secure detection method detects tsunamis with range greater than 30-35 cm and the tsunami detection method detects even smaller tsunamis, provided that they start with an impulsive wave and that there is not much noise, while it can miss even large tsunamis if they start with gradually increasing oscillations. The combination of the two methods was therefore able to detect the majority of the tsunamis with only 18 cases of missing detections, all of which concerned small tsunamis, with the exception of one record (raro2). What is also relevant is that the quality of the detection is very good, since most of detections occurred on the first wave with delay time DT shorter than 20 min, and almost all within the first hour. The sensitivity test carried out by varying the TEDA thresholds λ IS and λ CF showed that the results are more sensitive to varying λ IS than to changing λ CF and that in general decreasing the threshold values increases the number of detections but at the same time even the number of false detections. Most of the records are however stable with respect to the parameter configurations in the sense that they get a detection or a missed detection by all the 7 configurations tested. Only 19 records of the database indeed switch from detection to nondetection in passing from one configuration to the other. The conclusion is that none of the tested configurations seem to be superior to configuration C4.
The application of TEDA to the multiple records of the same station showed that one might get different results such as inconsistent detections even if records are quite similar (when measured through the cross-correlation coefficient). This suggests that in the presence of more than one record, one can assume that a detection has occurred if it has occurred in at least one of the records. In conclusion in this paper it was shown that the application of the TEDA with the same configuration (C1-C7); to records from different stations provides satisfactory results. A further improvement can be expected only after a specific calibration of TEDA, that is after selecting that set of parameters (temporal parameters as well as thresholds) which maximize the performance in a given site in view of its characteristic background and taking into account the possible tsunami characteristics. Applying extensively algorithms like TEDA that are realtime and able to provide timely detections (usually on the first tsunami wave) could be quite useful in TWS operational practice, since it could be a quick and low-cost tool for a reliable assessment of the ongoing hazard and therefore for providing essential data to authorities to make rapid decisions in critical moments of emergency.
